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Future changes in the North American monsoon, a circulation
system that brings abundant summer rains to vast areas of
theNorthAmerican Southwest1,2, could have significant conse-
quences for regional water resources3. How this monsoon will
change with increasing greenhouse gases, however, remains
unclear4–6, not least because coarse horizontal resolution and
systematic sea-surface temperature biases limit the reliability
of its numerical model simulations5,7. Here we investigate
the monsoon response to increased atmospheric carbon
dioxide (CO2) concentrations using a 50-km-resolution global
climate model which features a realistic representation of
the monsoon climatology and its synoptic-scale variability8.
It is found that the monsoon response to CO2 doubling is
sensitive to sea-surface temperature biases.Whenminimizing
these biases, the model projects a robust reduction in
monsoonal precipitation over the southwestern United States,
contrasting with previous multi-model assessments4,9. Most
of this precipitation decline can be attributed to increased
atmospheric stability, and henceweakened convection, caused
by uniform sea-surface warming. These results suggest
improved adaptation measures, particularly water resource
planning, will be required to cope with projected reductions in
monsoon rainfall in the American Southwest.
State-of-the-art general circulation models (GCMs) forced with
greenhouse gas emission scenarios project a reduction of annual
precipitation over a broad area of North America south of 35◦N
(ref. 10). While wintertime precipitation is robustly projected to
decline in this region due to a poleward expansion of the sub-
tropical dry zones11, summertime precipitation projections remain
uncertain. This is due to a weak consensus across GCMs10 and in-
complete comprehension of the mechanisms through which global
warming will impact the summertime North American monsoon
(NAM). The NAM is shaped by both the complex regional geog-
raphy (Supplementary Fig. 1) and remote larger-scale drivers2,12,
which makes its simulation challenging7,13. GCMs project a June–
July reduction and a September–October increase in precipitation
in themonsoon region4,9. This early-to-late redistribution of rainfall
has been conjectured to arise from two competing mechanisms14:
a stronger tropospheric stability due to a remote sea-surface tem-
perature (SST) rise in spring that persists through early summer
(a remote mechanism); and increased evaporation and near-surface
moist static energy, driven by larger radiative fluxes at the surface (a
local mechanism). The local mechanism is speculated to overcome
the stabilizing effect of remote SST rise at the end of the summer9.
However, the coarse horizontal resolution and existence of SST bi-
ases in coupled GCM simulations raise the question of how reliable
such projections are for theNAM,which involves interactions across
many spatial and temporal scales12.
Horizontal resolution is critical for adequately representing the
NAM in models. It has been recently shown8 that GCMs with
horizontal grid spacing coarser than 100 km (as most models
participating in the Coupled Model Intercomparison Project,
Phase 3 and 5, CMIP3 and CMIP5) do not accurately resolve the
summertime low-level flow along the Gulf of California (GoC),
with detrimental impacts on simulated precipitation in parts of the
southwestern US1,2. For this reason, limited-area regional climate
models have been used, suggesting drying of the monsoon region
with warming5. Yet regional climate models lack two-way coupling
with the larger-scale circulation and suffer from inherent boundary
condition biases15, making them a questionable tool for studying the
climate change response.
GCM simulations of North American climate are affected by
SST biases. In particular, negative SST anomalies in the North
Atlantic can substantially influence the North Atlantic subtropical
high through the upstream influence of a Gill-type Rossby wave
response16–18. This results in unrealistically strong easterly low-level
moisture flux across the Caribbean region, causing the well-known
monsoon retreat bias—that is, excessive monsoonal precipitation in
the fall7,13. These biases are thus a substantial source of uncertainty
for the projected NAM response to CO2 forcing.
To address these issues, here we investigate the response of
the NAM to increased CO2 and its sensitivity to both horizontal
resolution and SST biases with the high-resolution (0.5◦ × 0.5◦
in the land/atmosphere) Forecast-Oriented Low Ocean Resolu-
tion (FLOR) model19,20, developed at the National Oceanic and
AtmosphericAdministration (NOAA)Geophysical FluidDynamics
Laboratory (GFDL). In addition to the standard configuration, the
model can be run at coarser horizontal resolution (LOAR, 2◦ × 2◦
in the land/atmosphere) or in a flux-adjusted version (FLOR-FA;
see Methods).
Compared to LOAR, increased horizontal resolution in FLOR
allows for a better representation of the fall retreat at the end of
the warm season (Fig. 1f) and a more realistic pattern of near-
surfacemoist static energy (Supplementary Fig. 2). FLOR also better
resolves the seasonal cycle of low-level moisture flux along the
GoC (Supplementary Fig. 3) and synoptic-scale variability within
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Supplementary Fig. 1: The North American monsoon region. Main geographical and topo-
graphical features of the North American monsoon region (blue contour, based on the definition
of the North American Monsoon Experiment (NAME) Science and Implementation Plan and in
[1]). The blue contour delimits the area over which precipitation is averaged and the pink line the
transect for vertical cross-sections shown in Fig. 3.
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Supplementary Fig. 2: Regional focus of the NAM climatology. July-August precipitation and
10m moisture flux in the North American monsoon region in a, GPCC, b, MERRA, c, LOAR, d,
FLOR and e, FLOR-FA. Magenta contours in b-e indicate isolines of 10m-moist static energy (340
and 350 kJ/kg).
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Supplementary Fig. 3: Seasonal cycle of the low-level Gulf of California moisture flux.
Monthly area-averaged “alongshore” 925 hPa moisture flux in MERRA, LOAR, FLOR and FLOR-
FA. Area-averaging is performed over the area encompassing the Gulf of California (shown in
Supplementary Fig. 1). Lines denote the medians (over a 100-year period for models and 1979-
2010 for MERRA) and green shading denotes the 25th-75th percentile in the MERRA reanalyses
(a measure of the spread due to interannual variability).
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Supplementary Fig. 4: Impact of flux adjustment on SSTs. Difference between the climatologi-
cal SSTs in FLOR (upper panels) and FLOR-FA (lower panels) relative to 1981-2010 HadISST.v1
SSTs [2] for a June, b July-August and c September-October.
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Supplementary Fig. 5: Modeled and observed GoC SST. Annual cycle of GoC SST from obser-
vations (CFSR, purple line; 1979-2012) and FLOR-FA control run (black line). Shadings around
the two lines quantify the respective interannual spread (10th-90th percentile) for each curve. The
averaging region is shown in red in the inset map.
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Supplementary Fig. 6: Impact of increased CO2 concentration and SST biases on the North
American monsoon precipitation. Monthly precipitation anomalies (mm/month) for a the NAM
region, b the NAM region south of and c north of 28◦N. Gray shading highlights the monsoon
season.
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Supplementary Fig. 7: Impact of CO2 forcing on evaporation and sensible heat fluxes. a-c,
Percent evaporation change (%, color shading) in FLOR-FA and d-f, FLOR due to CO2 doubling
(green contours denote climatologies in the respective control runs). g-i, and j-l,: as in a-f, but for
sensible heat flux. Stippling indicates regions where differences are not statistically significant at
the 5% level on the basis of a t-test.
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